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ABSTRACT
 It is estimated that there are 1031 phages in the global population. They continue to 
maintain their populations by undergoing 1024 infections per second. Every time these 
phages replicate, there is potential for genetic exchange and mutations. Because of this 
potential, it has been assumed that phage evolution is heavily influenced by mosaicism. 
However, it is now clear that phage evolution varies by host type and phage type. Here, 
we use genomic and proteomic analyses to study the evolution of phages that infect 
Caulobacter crescentus.  The study began by comparing six bacteriophage genomes that 
were larger than 250 kbp and had diverged from those of the majority of Phicbkviruses.  
We found that these diverse genomes share a set of 69 core genes, but they have 
divergent accessory genes as well as genes unique to each phage genome.  The core 
genes were associated with both the structural proteins and the proteins needed for DNA 
replication.  A phylogenetic analysis indicated that these diverse phage genomes were 
descended from a common ancestor and could be grouped into four distinct branches of a 
phylogenetic tree.  Phage genomes that shared a branch had 80% nucleotide identity 
throughout their whole genomes.  Furthermore, the highly diverged nucleotide sequences 
observed between genomes on different branches of the phylogenetic tree and the 
absence of evidence for horizontal gene transfer indicate that these four branches of 
Phicbkviruses have independently evolved from one another for millions of generations.  
We then compared the structural proteins of two Phicbkviruses that had similar 
morphology but the most diverse genomes. We were able to detect the majority of the 
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predicted structural proteins in both types of phage particles as well as proteins that were 
associated with only one of the two lineages. These results validated the theory that the 
genes predicted to code for the proteins required to make the phage particle were located 
within a single region of each genome. In addition, we discovered that the proteins 
involved in phiCbK DNA replication may form a physical complex that can be observed 
in phage lysates. 
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PREFACE 
 Chapters two and three are based on two studies one of which is published and the 
other is in preparation for publication. Chapter two is a published study on the genomic 
diversity of novel Phicbkviruses. Chapter three is evaluating proteomic studies of the 
phage structures of genomically diverse Phicbkviruses. They are included in whole and 
are formatted in manuscript style for this dissertation. 
 
  
 viii
TABLE OF CONTENTS 
 
Dedication .......................................................................................................................... iii 
Acknowledgements ............................................................................................................ iv 
Abstract ................................................................................................................................v 
Preface............................................................................................................................... vii 
List of Tables ..................................................................................................................... ix 
List of Figures ......................................................................................................................x 
List of Abbreviations ......................................................................................................... xi 
Chapter 1: Introduction to Phicbkviruses ............................................................................1 
Chapter 2: Analyses of four new Caulobacter 
Phicbkviruses indicate independent lineages .....................................................................11 
 
Chapter 3: Identification of proteins associated 
with two diverse Caulobacter Phicbkviruses  ...................................................................40                                                                     
Chapter 4: Conclusions ......................................................................................................59 
References ..........................................................................................................................62 
Appendix A: Supplementary Tables ..................................................................................70 
Appendix B: Supplementary Figures .................................................................................85 
Appendix C: Permission to Reprint ...................................................................................87 
 ix
LIST OF TABLES
Table 2.1 Genomic and physical characteristic of 10 Phicbkviruses.................................11 
Table 2.2 Bacterial host range of Phicbkviruses ................................................................18 
Table 2.3 Percentage of ORFs within Phicbkviruses with unique homology ...................25 
Table 2.4 Percentage of Genome unique to phage branch.................................................25 
Table 3.1 Number of proteins detected vs CDS present in module ...................................49 
 x
LIST OF FIGURES 
Figure 1.1 Caulobacter Dimorphic Life Cycle ....................................................................3 
Figure 1.2 CbK phage infecting Caulobacter ......................................................................5 
Figure 1.3 Phylogenetic analysis of 11 CbK-like phage......................................................6 
Figure 1.4 SDS of CbK associated proteins.........................................................................7 
Figure 2.1 TEM of Phicbkviruses ......................................................................................16 
Figure 2.2 Genome Organization of novel phage ..............................................................21 
Figure 2.3 Genome comparison of eight Phicbkviruses ....................................................22 
Figure 2.4 Phylogenetic tree of 10 Phicbkviruses genomes ..............................................23 
Figure 2.5 Large CcrSC/CcrBL9 Inversion .......................................................................28 
Figure 3.1 Protein detected in PhiCbK Structural Module ................................................50 
Figure 3.2 Proteins detected in CcrSC Structural Module .................................................52 
Figure 3.3 TEM of top layer of Cscl gradient…. .............................................................. 54
 xi
 
LIST OF ABBREVIATIONS
CDS ............................................................................................. Protein Coding Sequences 
HTH ........................................................................................................... Helix Turn Helix 
Indel ............................................................................................. Insertions and/or Deletion 
ORF ..................................................................................................... Open Reading Frame 
 1
 
CHAPTER 1 
INTRODUCTION TO PHICBKVIRUSES 
 2
 
Microbial evolution has shaped life as we know it. From the introduction of free 
oxygen to our atmosphere via photosynthetic pathways to the biogeochemical processes 
that break down pollutants in our marine environment (Blankenship 2010; Clokie 2011), 
bacteria play major roles in these and most other processes on earth. As bacteria have 
evolved, so have the viruses (known as bacteriophages) that infect them. Phages directly 
alter the ecology and evolution of bacterial communities. In fact, phage transduction is a 
popular molecular technique for the instant evolution of bacterial genomes (Griffiths et 
al. 2000). As whole genome sequencing has become inexpensive, researchers have been 
able to confirm results of transduction and evaluate genetic relationships between 
bacteria and phages from the environment (Grose and Casjens 2014). Phages are fast-
evolving and constantly changing their bacterial host as well. With the emergence of 
increased numbers of antibiotic resistant bacteria and the renewed interest in phage 
therapy, bacteria and phage evolution studies have become a topic of interest. 
Caulobacter is a genus of bacteria that illustrates evolution impacted by phages, based on 
the presence of ancient prophage genes in its genomes and our observation that 
Caulobacter phages are easily isolated from environments where Caulobacter is present. 
Recent, studies have illustrated that Caulobacter and its phage continue to interact and 
share genes. A spmX gene orinally defined as a phage gene associated with being a 
peptidoglycan hydrolase has now been found in multiple Caulobacter genomes. This 
gene in the bacterial genome has been detoxified and now functions in the bacterial cell 
development (Randich 2019). 
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Caulobacter crescentus is a gram-negative bacterium commonly found in fresh 
water sources like lakes, ponds, and streams but they have also been found in soil 
(Poindexter 1964). It is easily identified under the microscope because of its crescent 
shape and the presence of both sessile stalked cells and motile swarmer cells. These two 
cell types are generated via the dimorphic life cycle of Caulobacter (Figure 1.1). The 
sessile stalk elongates and produces a swarmer during each cell division. The immature 
swarmer will eventually shed its flagellum, develop a stalk, and begin its own replication 
process (Poindexter 1964).  
 
 
 
Figure 1.1 Caulobacter Dimorphic Life Cycle (Wang, & Levine 2009). 
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This unique attribute of Caulobacter has made it an organism of interest for 
various studies of cell cycle and bacterial development. Genomic studies conducted by 
our laboratory (Ash and Ely 2014; Scott and Ely 2016) found that most Caulobacter 
genomes have chromosomal rearrangements relative to each other. During the analysis of 
four more closely–related Caulobacter crescentus genomes, we found that some of these 
rearrangements are due to horizontal gene transfer events and that inversions of segments 
of the Caulobacter genomes have occurred at a rate of one per 10-20 million generations 
(Ely et al. 2019). We also found that every genome that we sequenced contained 
segments of  bacteriophage genomes. Thus, the evolution of the Caulobacter genomes is 
impacted by the phages that infect it.  
 As large collections of Caulobacter phages have been isolated it has been found 
that the most common genus of bacteriophage that infects Caulobacter is the 
Phicbkviruses (Johnson et al. 1977 and Ely lab). These double-stranded DNA viruses 
belong to the Siphoviridae family. Families are comprised of phages with similar 
morphology. The phiCbK virus has the B3 morphotype; which are characterized by their 
elongated cylindrical head and a long flexible tail (Agabian et al. 1972). Phicbkviruses 
begin the infection process by binding its head filament to the bacterial flagellum (Figure 
1.2) and migrating toward the cell until the phage tail can wrap around a bacterial pilus 
(Christen et al. 2016). When the pilus retracts into the cell, the wrapped phage tail is 
pulled in as well, and the viral DNA is released into the bacterial cytoplasm to initiate the 
phage lytic cycle.  
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Figure 1.2. CbK phage infecting Caulobacter crescentus (Guerrero-Ferreira et al.  
2011) 
 
Seven years ago, the first Phicbkvirus genome, phiCbK was sequenced (Panis et 
al. 2012). This sequence was independently repeated by Gill et al. (2012) along with five 
novel Phicbkvirus genomes that ranged in size 211,574 bp to 279,967 bp. The phiCbK 
genome contains 205,423 bp and includes 319 protein coding sequences (CDS) and 24 
tRNA genes. While a majority of these CDS code for hypothetical proteins, only 44 
genes code for proteins with known function, and 35 additional genes code for conserved 
hypothetical proteins (Panis et al. 2012 and Gill et al. 2012).  
A third paper published by Ash et al. (2017) continued to investigate this group of 
phages by sequencing six new bacteriophage genomes and identifying a “core genome” 
shared among all 12 sequenced phage genomes. Their phylogenetic analyses 
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demonstrated that modular reassortment was not being observed in this group of 
bacteriophages, and that the CcrColossus and CcrRogue genomes are distantly related to 
the other 10 phage genomes (Figure 1.3. The Colossus genome could not be included in 
this figure because its genome has diverged too much from the other phage genomes.).  
 
 
 
 
Figure 1.3. Molecular Phylogenetic analysis by Maximum Likelihood method. The 
evolutionary relationships of the 11 CbK-like genomes were inferred by using the 
Maximum Likelihood method based on the Tamura-Nei model (Ash et al. 2017)
 
 CcrColossus is morphologically larger, and its 280 kbp genome contains 
hundreds of unique genes (Gill et al. 2012, Ash et al. 2017).  Since our laboratory had 
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isolated additional phages that have genomes larger than 250 kbp, we decided to 
investigate whether these additional large phages might be similar to CcrColosuss. 
In addition to genome analyses, we decided to investigate the proteins 
incorporated into the phage particles as well. Some of the proteins associated with the 
phiCbK phage particles have been identified by Gill et al. (2012) and Callahan et al. 
(2015). Gill et al. (2012) found eight proteins associated with CbK phage structure after 
CsCl purification of the phage particles. Those proteins include tail proteins, the major 
and minor capsid proteins, and portal proteins (Figure 1.4). 
 
Figure 1.4. SDS of phiCbK associated proteins (Gill et al. 2012) 
In contrast, Callahan et al. (2015) identified 20 phage proteins that included 
replication proteins in addition to the structural proteins. The difference in proteins 
identified was mainly due to the fact the Gill et al. (2012) analyzed intact phage particles 
purified utilizing a CsCl gradient. Whereas, Callahan et al. (2015) concentrated the phage 
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particles by ultracentrifugation and did not use a CsCl gradient to further purify them. 
Apparently, the CsCl gradient removes complexes of phage proteins derived from lysed 
bacterial cells. Also, different mass spectrometry protocols can impact whether less 
abundant proteins are identified. To focus on the proteins that are actually assembled into 
the phage particle, we analyzed only CsCl-purified, intact phage particles and used a 
mass spectrometry system that is sensitive in the identification of proteins with low 
abundance. This allowed us to get an accurate account of the proteins associated with the 
phiCbK phage structure as well as lay a baseline of structural proteins to compare to the 
novel CcrSC phage structure. 
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CHAPTER 2 
ANALYSES OF FOUR NEW CAULOBACTER PHICBKVIRUSES INDICATE 
INDEPENDENT LINEAGES1
                                                           
1 Wilson and Ely (2019) Analyses of four new Caulobacter Phicbkviruses indicate 
independent lineages. Journal of General Virology. 100: 321-331. 
 Reprinted here with permission of publisher. 
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ABSTRACT 
Bacteriophages with genomes larger than 200 kbp are considered giant phages, 
and the giant Phicbkviruses are the most frequently isolated Caulobacter crescentus 
phages. In this study, we compare ten bacteriophage genomes that differ from the 
genomes of the majority of Phicbkviruses. Four of these genomes are much larger than 
those of the rest of the Phicbkviruses with genome sizes that are more than 250 kbp. A 
comparison of 16 Phicbkvirus genomes identified a “core genome” of 69 genes that is 
present in all of these Phicbkvirus genomes as well as shared accessory genes and genes 
that are unique for each phage. Most of the core genes are clustered into the regions 
coding for structural proteins or those involved in DNA replication. A phylogenetic 
analysis indicated that these 16 Phicbkvirus genomes are related, but they represent four 
distinct branches of the Phicbkvirus genomic tree with distantly related branches sharing 
little nucleotide homology. In contrast, pairwise comparisons within each branch of the 
phylogenetic tree showed that more than 80% of the entire genome is shared among 
phages within a group. This conservation of the genomes within each branch indicates 
that horizontal gene transfer events between the groups are rare.  Therefore, the 
Phicbkvirus genus consists of at least four different phylogenetic branches that are 
evolving independently from one another.  One of these branches contains a 27 gene 
inversion relative to the other three branches. Also, an analysis of the tRNA genes 
showed that they are relatively mobile within the Phicbkvirus genus.  
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Introduction 
Bacteriophages are found in soil, fresh water, marine samples, and most recently 
in the free atmosphere [1]. Wherever there are bacteria, there will be bacteriophages to 
infect them. Within these environments there are estimated to be 1031 phage globally [2] 
since bacteriophages outnumber their bacterial prey in about a 10:1 ratio [3]. Phages 
contribute to both the genetic and phenotypic diversity of their hosts as well as to the 
ecological abundance of their respective hosts [4]. Understanding the genomics of 
bacteriophages will contribute to the knowledge of their genomic impact on their host, as 
well as to provide more information that may be useful for other molecular and 
biotechnological techniques involving phages.  
Even though there is an illustrated need for more phage genomic studies, the 
number of available genomes is still lacking compared to the available bacterial genomes. 
As of February 2018, there were 2,065 phage genomes listed in the National Center for 
Biotechnology Information (NCBI) GenBank database [5]. However there were more 
than one million bacterial genomes. The need for more phage discovery and genome 
publications is being combated by the use of programs like SEA-Phages [6] to isolate 
more mycobacteriophages, and here at the University of South Carolina, the bacteriology 
laboratory course has added a Caulobacter crescentus phage isolation and 
characterization project. 
Caulobacter crescentus is a gram negative, aerobic, oligotrophic bacterium that 
undergoes an asymmetric cell division that produces an immature cell while regenerating 
itself [7]. The immature form known as a “swarmer cell” has a single flagellum located at 
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one pole of the cell and is motile. The mature “stalked cell” is sessile, lacks the flagellum, 
and has a stalk with a terminal holdfast that is a biological adhesive. Upon maturation the 
swarmer cell sheds its flagellum, grows a stalk, and then replicates its DNA and divides 
[7]. This unique ability has caused Caulobacter to be used as a model system in various 
cell division and aging studies. Caulobacter also has a protein surface layer (S-layer) that 
has been used in protein export and expression studies as well as for bioremediation 
studies [8].   
Bacteriophages are separated into three orders: Caudovirales, Ligamenvirales, 
and Unassigned. Each order has a range of 2-11 families characterized by their 
morphology. The Phicbkvirus genus is classified in the Caudovirales order and the 
Siphoviridae family that includes phages with long non-contractile tails and non-
enveloped heads. Phicbkviruses have a B3 morphotype meaning that they have an 
elongated cylindrical head and a long flexible tail. These phages generally have a 200-
250 kb genome, and up until now have not displayed large inversions [9, 10] even though 
inversions are common in their host strains [11, 12]. 
Two previous studies have compared Phicbkviruses that infect Caulobacter 
crescentus [9, 10]. However, in both studies there were two outliers, Rogue and Colossus, 
which were not grouped with the rest of the Phicbkviruses. These two phages had larger 
genome sizes and increased genomic diversity. Another study [13] described a non-
Caulobacter Phicbkvirus, DSS3P8. This Roseobacter infecting phage was similar to the 
other Phicbkviruses, but had a smaller genome and a lower GC content.  In this study, 
four new giant Phicbkviruses, CcrBL9, CcrSC, CcrBL10, and CcrPW, were isolated. 
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These phages were then characterized, sequenced, annotated, and compared to the 
previously characterized Phicbkviruses.  
Results and Discussion 
Phicbkvirus Demographics 
Colossus, Rogue, and Karma were isolated from surface water in Texas [9]. 
CcrSC was isolated from creek water in Springdale, South Carolina. CcrBL9, CcrBL10, 
and CcrPW were isolated from water sources close to the University of South Carolina 
Columbia campus.  Since these phages were isolated from two different parts of the 
country, their shared homology indicates that these phage subfamilies have a widespread 
distribution. 
Morphology 
All four of the new bacteriophages have the B3 morphotype with an elongated 
cylindrical head and a long non-contractile tail (Figure 2.1). The CbK phage head 
dimensions were 205 nm long and 56 nm wide and a tail length of 300 nm as reported in 
previous studies [9, 14]. In contrast CcrSC and CcrPW had head dimensions that were 
about 50% larger than those of CbK (Table 2.1). These capsid dimensions are some of 
the largest known bacteriophage capsid sizes published to date.  
 
 16
 
Figure 2.1. Transmission electron micrographs of Phicbkviruses CcrSC, CcrPW, 
CcrBL9, and CcrBL10.  Scale Bars are 200 nm.  
Table 2.1. Genomic and physical characteristics of ten PhiCbKviruses that infect 
Caulobacter crescentus 
Phage 
Isolation 
Host 
Head 
length 
(nm)* 
Head 
width 
(nm)* 
Tail 
length 
(nm)* 
Genome 
size 
(kbp) 
%GC 
Content 
Predicted 
ORFs 
Reference 
CcrSC CB15 298 57 328 317 64.2 546 This 
study 
CcrBL9 CB15 233 45 231 322 63.7 558 This 
study 
CcrPW CB15 284 57 319 309 62.2 497 This 
study 
CcrBL10 CB15 151 41 193 221 65.7 337 This 
study 
Colossus CB15 292 65 336 280 62.2 448 9 
Rogue CB15 205 60 319 214 66.6 331 9 
CbK CB13 205 56 300 205 66.2 318 9 
Karma CB15 205 61 314 212 66.2 333 9 
Ccr5 CB15 214 56 326 219 66.2 341 10 
Ccr10 CB15 217 65 317 220 66.1 347 10 
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Host Range 
All of the newly isolated phages as well as the previously isolated CbK, Ccr10, 
and Ccr5 infected only the C. crescentus strains indicating a species-limited host range 
(Table 2.2). Furthermore, plating CcrBL10 on a lawn of the CB2 host resulted in faint 
plaques when compared to the plaques formed on the other C. crescentus host strains. 
Similarly, CcrSC and CcrBL9 had a consistently lower titer when CB2 was used as the 
host suggesting that CB2 has some type of partial resistance to infection by these phages.  
CbK, Ccr10, and Ccr5 were able to causes lysis when 10 µl of a lysate was spotted on C. 
segnis, but they could not form plaques with C. segnis as a host. Spotting without the 
ability to form plaques also was observed when CBR1 was used as a host. Similarly, all 
of the phage lysates we tested were able to lyse FWC20 at high concentrations, but none 
of them could form plaques on this host strain.  Since spotting the culture medium did not 
lyse the host strains, these results could be due to “lysis from without” which is a 
phenomenon where multiple bacteriophages adsorb to the host cell and kill it without the 
production of new phage particles [15]. Genomic analyses of the CB2 (NZ_CP023313), 
C. segnis (NZ_CP027850), and FWC20 (unpublished) genomes illustrated that these 
three genomes contain genes that code for a restriction/modification system. 
Restriction/modification systems can cleave phage DNA before it is replicated so that 
new phage particles are not formed.  
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Table 2.2. Bacterial host range of the Phicbkviruses (percentage of infecting viruses). 
 
 
 
 
 
 
 
 
Genomic Information 
Genome sizes for the four new giant phages ranged from 220,934 to 322,272 bp 
(Table 2.1). The genome sizes of CcrSC and CcrBL9 were 317,488 bp and 322,272 bp, 
respectively, which are the largest Caulobacter phage genomes published to date. The 
four new genomes code for 337 to 558 predicted open reading frames (ORFs) with the 
number of predicted ORFs correlating with the size of the genome.  Evaluation of the 
ORFs revealed that 0.314% to 8.25% of the ORFs were unique to the individual phages 
since they did not have any homologs in the GenBank database (Table 3). Genomic GC 
content ranged from 62.2% to 65.7%, a range that is lower than both the 67.1% to 67.7% 
 CcrSC CcrBL9 CcrPW CcrBL10 CbK Ccr10 Ccr5 
CB15 1 1 1 1 0.3 1 1 
CB13 0.5 0.3 1.2 0.5 1 1.4 0.3 
CB1 0.2 0.3 0.5 0.3 0.2 0.4 0.2 
CB2 0.03 0.2 0.03 0.02 --- 0.2 0.05 
C. 
segnis 
--- --- --- --- Spot Spot Spot 
CBR Spot* --- --- --- --- 
Faint 
Spot 
--- 
ME6 --- --- --- --- --- --- --- 
ASB --- --- --- --- --- --- --- 
CB4 --- --- --- --- --- --- --- 
FWC20 Spot Spot Spot Spot Spot Spot Spot 
AP07 --- --- --- --- --- --- --- 
Brev. 
DS20 
--- --- --- --- --- --- --- 
ME4 --- --- --- --- --- --- --- 
K31 --- --- --- --- --- ---- --- 
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GC content of their C. crescentus host strains and the 66.1% to 66.6% range observed for 
the genomes of the smaller Phicbkviruses.  
Analysis of Terminal Repeat Region 
Terminal repeat regions were identified using the Tablet program to visualize the 
number of reads at each location [16]. This program takes the raw reads from sequencing 
and aligns them to the consensus sequences. The number of raw reads located in a 
particular location of the consensus determines the amount of coverage in that location. 
Regions in which the read coverage was double, were assumed to correspond to the 
terminal repeats since the terminal repeats are identical sequences that are present at both 
ends of the genome [9]. Most Phicbkviruses have terminal repeat regions that range from 
9,709 to 10,321 bp in length [9, 10]. In contrast, the terminal repeat region in CcrPW was 
18,404 bp in length (Table A.1) which was similar to the 16,700 bp repeat region of 
Colossus estimated by Gill et al. [9]. Likewise, the phage with the largest genomes, 
CcrSC and CcrBL9, had the largest terminal repeats, 23,946 bp and 22,260 bp, 
respectively. These terminal repeat regions are where DNA replication is initiated and the 
size and partial sequences are conserved amongst phage of the same lineage. 
Phylogenetic Clustering  
A previously published analysis of 12 Phicbkvirus genomes identified a 
conserved core genome of 110 genes [10]. A similar analysis that included the four 
additional phage genomes described in this study reduced the number of core genes to 69 
(Table A.2). This result was primarily due to the inclusion of the divergent CcrSC and 
CcrBL9 genomes. Most of the 69 core genes are predicted to code for structural proteins 
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or proteins associated with DNA replication or RNA transcription/translation, but 26 of 
the core genes do not have a known function. It is important to recognize that the core 
genes do not include all of the essential genes. For example, the inner and outer spanin 
components and a holin protein are essential for host cell lysis [9, 17], but were not part 
of the core gene set. After attempting tonidentify these genes in the eight genomes 
compared in this study, we concluded that the holin and spanin genes in CcrBL9 and 
CcrSC are probably too divergent from other holin and spanin genes to be identifiable, 
and therefore they were not included in the core genome. Overall this level of genetic 
diversity makes it difficult to determine if divergent, but similarly annotated genes share 
a common ancestor. Thus, the idea of related genomes sharing a set of core genes 
becomes less meaningful as more divergent genomes are included in the comparison. 
The conservation of the four viral genomes as well as the overall conservation of 
the organization of the Phicbkvirus genes is illustrated in (Figure 2.2 and Table A.3).  
Each phage genome codes for some highly conserved proteins predicted to be involved 
with either phage capsid structure or DNA replication, but the giant phages Colossus, 
CcrPW, CcrBL9, and CcrSC have more regions which are predicted to code for proteins 
with divergent amino acid sequences (Figure 2.3). The related DSS3P8 phage [13] had an 
even higher level of nucleotide divergence. Similarly, a comparison of the genomes that 
share at least 70% nucleotide identity in pairwise alignments shows that the phage 
genomes can be grouped into four clusters (Table A.3). For example, while less than 10% 
of the Colossus and CcrPW genomes share more than 70% nucleotide identity with the 
genomes of any other Phicbkvirus, 88% of the Colossus and CcrPW genomes are more 
than 70% identical to each other. Thus these data illustrate that the phage genomes 
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represent five separately evolving groups of Phicbkviruses (Figure 2.4). This 
conservation of the genomes within each branch also indicates that horizontal gene 
transfer events between the groups are rare since we did not observe any genes that 
appeared to have a separate evolutionary history from the rest of the genome. Thus, the 
conserved genomic modules for structure and replication protein coding genes described 
by Gill et al. [9] are also conserved in the four novel genomes presented here. It is also 
important to note that most of the genes that are unique to each branch are found outside 
of these modules.  
 
Figure 2.2. Genome organization of four novel phage. The DNA plot image represents 
the genome organization of CcrBL9, CcrSC, CcrPW, and CcrBL10. The outside track is 
the genome of CcrBL9, next going inwards is CcrSC, then CcrPW, and CcrBL10. 
Located in the center of the plot is the GC content of the CcrBL9 genome. The marks 
facing outwards represent greater than average GC content while the marks facing inward 
represent lower than average GC content. The red boxes indicated structural genes, the 
green boxes represent DNA replication genes, the purple boxes represent genes exclusive 
that single phage, the dark blue boxes represent genes that are exclusive to phage in the 
same branch, and the light blue boxes represent genes located in other genomes within in 
NCBI Genbank database. 
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Figure 2.3. Comparison of eight Phicbkviruses with CbK as the reference. The BRIG 
image [29] illustrates the variability of amino acid conservation within different 
Phicbkvirus genomes. The brightness of the hue determines the overall percent identity 
match to the reference genome ranging from 35-100% identity. Percent identities less 
than 35% are represented by no coloration.  
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Figure 2.4. Maximum-likelihood phylogenetic analysis of 16 Phicbkvirus genomes. 
This tree is based upon the core genome SNP matrix generated during the PanX pipeline 
[27]. Maximum-likelihood was determined using the FastTree and RaxML programs that 
utilize the Jukes-Cantor model.  Tree viewer was used for visualization of the .json file 
[28]. The tree is drawn to scale based upon single nucleotide differences. Each cluster is 
located on its own branch. 
 
Further analysis of the Phicbkvirus phylogenetic tree indicates that the CcrPW 
and Colossus genomes share a branch of the tree that is separate from that of CcrSC and 
CcrBL9, while CcrBL10 and Rogue share a third branch that is more closely related to 
the other Phicbkviruses (Figure 2.4). The related Roseobacter phage DSS3P8 [13] was 
located on a branch of its own and served as an outgroup. The genomes in each of the 
four Caulobacter branches share ORFs that are not found in any other organism within 
the GenBank database (Table 2.3). Overall, 3.57% of the CcrBL10/Rogue branch 
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genomes, 38.1% of the Colossus/CcrPW branch genomes, and 46.2% of the 
CcrSC/CcrBL9 branch genomes contain ORFs that have been found only in the two 
genomes that comprise that branch (Table 2.4). To verify the genomic phylogenetic trees, 
additional trees were generated with each of the 69 of the amino acid sequences of the 
ORFs that are conserved among all of the genomes (Tables A.4 and A.5 and Figures 1 
and 2 show the supporting data and the T7 polymerase and the major capsid ORF trees). 
A total of 67 of these phylogenetic trees each contained the four clusters observed in the 
genomic tree: CcrPW/Colossus, CcrBL10/Rogue, CcrSC/CcrBL9, and the remaining 
Phicbkviruses. The two discordant phylogenetic trees were gp105 in which Colossus was 
out of place due to an insertion within the Colossus ORF and gp110 in which Rogue was 
out of place due to a deletion within the Rogue ORF. However, neither of the discordant 
trees could be explained by a recombination event from one of the other phage analyzed 
in this study, and both discordant trees can be explained by a simple insertion or deletion 
event. Thus there is no evidence of any swapping of DNA segments among the four 
branches of the Phicbkvirus phylogenetic trees. Furthermore, the lengths of these 
independent branches, along with the ORFs that are unique to each branch, and the 
consistent phylogenetic trees suggest that the genomes of the four branches of the 
Phicbkvirus phylogenetic trees have evolved independently for a long time. The lack of 
genes represented in the genomes from other phages outside of these genes validates this 
idea as well. 
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Table 2.3. Percentage of ORFs within ten Phicbkvirus genomes that does not share 
homology with any other ORF in the GenBank database. 
Phicbkvirus 
Percent of the genome 
unique to the individual 
phage 
CbK 0.314 
Ccr10 0.576 
Ccr5 0.587 
Karma 0.300 
Rogue 3.32 
CcrBL10 3.26 
Colossus 6.25 
CcrPW 8.25 
CcrSC 4.58 
CcrBL9 6.27 
 
Table 2.4. Percentage of ORFs within the Phicbkvirus genome branches that does not 
share homology with any other ORF in the GenBank database. 
Caulobacter Phage Branch 
Percent of Genome Unique 
to the Branch 
Rogue/CcrBL10 3.57 
Colossus/CcrPW 38.1 
CcrSC/CcrBL9 46.2 
 
tRNA Analysis 
The predicted tRNA genes identified in each bacteriophage genome were 
compared to those of the well-studied CbK genome using the updated tRNA Scan-SE 
program [18] and the Aragorn program [19]. These programs use different algorithms to 
initially find anticodons in the sequences and then determines secondary structure when 
identifying tRNA sequences. The CbK, Rogue, and Colossus genomes previously were 
reported to have 26, 23, and 28 tRNAs, respectively [9], but the new analysis with tRNA 
Scan SE resulted in 33 predicted tRNA genes in the CbK genome, 29 in the Rogue 
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genome, and 40 in the Colossus genome. However, the Aragorn program predicted only 
29 tRNA genes in CbK, 28 in Rogue, and 28 in Colossus. The predicted tRNA genes 
identified by tRNA Scan SE but not by Aragorn had a confidence level that was lower 
than 35% in tRNA Scan SE so they were removed from the list of predicted tRNAs (data 
Table A.6). Also, a tRNAasp gene predicted by tRNA Scan SE was identified as a tRNAile 
by Aragorn in six out of the ten genomes so the identity of the predicted tRNA at that 
location is uncertain. The predicted tRNAhis genes were found exclusively in the 
Colossus, CcrPW, CcrBL10, Rogue, CcrSC, and CcrBL9 genomes (Table A.6). Also, the 
CcrSC and CcrBL9 genomes are similar to each other, and both lack multiple tRNA 
genes that are present in the other phiCbKvirus genomes. All trends for use of tRNA are 
associated with the phages found in the same lineages. Since all of these phages contain a 
nearly complete set of tRNA genes and their codon usage patterns are similar to that of 
their Caulobacter hosts, it is likely that the main function of these tRNA genes is to 
increase tRNA concentrations to increase translation rates (Delesalle 2016).  
 A comparison of the tRNA genes identified in each genome revealed that the 
tRNAgly gene found in the CbK and Ccr10 genomes was identified as a tRNAlys gene in 
the closely-related Karma and Ccr5 genomes (Figure B.3). After further investigation, we 
found that the only difference between the two tRNA gene nucleotide sequences was that 
three of the five nucleotides were changed in the anticodon region of the two tRNAs. 
This change in the anticodon region caused the tRNAgly gene to be identified as a tRNAlys 
gene since most tRNA synthetases bind to the tRNA anticodon to help discriminate 
among tRNA molecules particularly with regard to polarity [20]. In contrast, the other 
two tRNAgly genes in the CbK and Ccr10 genomes were only 42.3 and 61.1% identical to 
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the nucleotide sequence of this tRNAgly gene. Therefore, there is more homology 
between the tRNAlys gene found in the Ccr5/Karma genomes and the corresponding 
tRNAgly in the CbK/Ccr10 genomes than with the other tRNAgly genes located elsewhere 
within the same genomes. This result suggests that the tRNAlys was converted to a 
tRNAgly solely by a change in the anticodon region. 
Further analysis of this region revealed that neither the tRNAgly nor the tRNAlys 
gene is present at this location in the six larger phage genomes. Furthermore, the only 
tRNAcys found in all 10 phage genomes is translocated in the CcrSC/CcrBL9 genomes 
(Figure B.3). Therefore, this tRNA region seems to be labile. This could be advantageous 
when overcoming host defense systems while phage proteins are being translated. Overall 
the tRNA gene organization is conserved within each branch of the phylogenetic tree but 
there is clear divergence among branches (Table A.6).  
 
Inverted Region 
Alignments of the CcrSC and CcrBL9 phage genomes relative to the other phage 
genomes indicated that there was an inverted sequence within the CcrSC and CcrBL9 
genomes (Figure 2.5). This inversion is the first to be reported within the Phicbkvirus 
genus. The inverted region contained 27 genes including: hypothetical, DNA replication, 
and RNA metabolism genes. In CcrSC, it is located from positions 124,900 -147750 bp, 
while in CcrSC it is located between 125550 – 148392 bp. This makes the inversion 
about 22,850 bp in size. 
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Figure 2.5. Large inversion within the CcrSC/CcrBL9 phage genomes. The 
consensus organization of all CbK-like phage protein coding genes within this region is 
located at the bottom. The CcrSC/CcrBL9 phage genome organization of the same region 
is shown at the top.  The red boxes are genes annotated as hypothetical, the turquoise 
boxes are DNA replication genes, the royal blue boxes are genes associated with RNA 
metabolism, and the green boxes structural proteins. 
 
In an effort to identify the break points where the inversion occurred, we found 
that there was an 11 bp sequence present at both ends of the inverted sequence in the 
CcrSC genome suggesting that this sequence might have been involved in the inversion 
event. This 11 base motif, TCGTCGGCCTC, was found two more times in the CcrSC 
genome and was located within the CcrBL9 genome at three instances. However, in 
CcrBL9 there was only a single motif located on one side of the inverted sequence. The 
motif also was found in all of the other phages in various locations.  
An evaluation of the core genome gene function table (Table A.1) also revealed 
an additional smaller inversion that is present in the CcrSC (genes 206-181) and CcrBL9 
(genes 210-185) genomes. These small inversions were confirmed via genome 
alignments in Mauve.  Interestingly, there was a gene containing an HTH2 DNA binding 
domain located upstream of each inversion. Overall inversions within phicbkvirus 
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genomes are rarely reported. The 27-gene inversion we identified as the only reported 
inversion of this size. Interestingly, this may be more common than reported. In fact, our 
method of sequencing allows us to easily identify inversions which may have been 
unknowingly corrected when assembling genomes using other sequencing methods. 
Structural Proteins 
Gill et al. [9] stated that Phicbkviruses have three modules, the phage structural 
module, phage lysis module, and the phage infection module. The phage structural 
module included genes for the portal protein, an HNH endonuclease, the major and minor 
capsid proteins, tail tube proteins, the tail tape measure protein, and other tail proteins. 
SDS analysis later revealed that the major and minor capsid proteins were the most 
abundant proteins in the phage capsid [9, 21]. Genomic evaluations revealed that both the 
major and minor capsid proteins were predicted to be slightly smaller in CcrBL10, 
CcrSC, CcrBL9, Rogue, Colossus, and CcrPW. For example, the size of the CbK major 
capsid protein is about 36.5 kDa and the minor capsid protein is about 15.6 kDa. In 
comparison, the CcrSC/CcrBL9 major capsid protein was predicted to be 33.2 kDa and 
the minor capsid protein 15.4 kDa.   
Conclusions 
We have shown that there are four distinct subgroups of caulophages evolving 
separately within the Phicbkvirus genus, and the recently described Roseobacter phage 
DSS3P8 [13] would represent a fifth lineage of caulophages.  Phylogenetic analyses 
illustrated that the phylogeny of the conserved protein coding genes matched that of 
whole genome. Whole genome alignments of the bacteriophage genomes described in 
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this article displayed two inversions in the CcrSC/CcrBL9 phage cluster and another 
small inversion in the Colossus and CcrPW genomes. This is the first report of sequence 
inversions occurring in any Phicbkvirus.  We also found a high occurrence of indels 
associated with tRNA genes when the caulophage genomes were compared. The high 
level of divergence among the phage genomes evaluated here and their clustering into 
highly diverged taxonomic groups suggests that the CbK-like bacteriophages have had a 
very long evolutionary history.  
Material and Methods 
Bacterial Culture Preparation 
Peptone Yeast Extract (PYE) liquid media [22], 0.2% peptone, 0.1% yeast extract, 
0.5 mM CaCl2, 0.8 mM MgSO4, was used to grow all of the bacterial cultures used in this 
study. Glucose was added at a concentration of 0.2% to enhance the growth of the K31 
strain. Cultures were grown at 30°C in test tubes and placed on a rotator for 20-24 hrs.  
Phage Isolation 
Bacteriophages were isolated by obtaining 10-15 mL of water collected from 
local fresh water samples [23]. Briefly, the samples were then filtered through a 0.45 µM 
filter and placed in a flask with 2.5 mL of 5X PYE and 0.625 mg of streptomycin. Next 
50 µl of the streptomycin resistant C. crescentus CB15 derivative designated SC1004 
[24] was added to the flask and the mixture was incubated on a shaker at 30ºC overnight. 
After the incubation period, the enrichment was spun at 2800 x g for 10 minutes. The 
pellet was discarded and the supernatant was decanted into a new tube and spun again. 
The second pellet was again discarded. One milliliter of chloroform was added to 
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supernatant and shaken to destroy any remaining bacteria. This lysate was diluted and 
plated in soft (0.7%) agar containing the host strain so that individual plaques could be 
detected and purified by single plaque isolation. 
Host Range 
To determine the host range of the new phages, bacterial overlays were made with 
3.5 mL of 0.7% PYE soft agar and 100 µl of overnight cultures of different strains of 
Caulobacter or Brevundimonas [25]. Phage lysates were serially diluted and the dilutions 
were spotted onto the soft agar overlays to estimate the plating efficiency and then plated 
at the appropriate dilutions to provide accurate determinations of the plating efficiency. 
The efficiency of plating was calculated by dividing the observed titer of a lysate on a 
specific host by the titer observed when the same lysate was plated on the original host. 
The following test strains were used: C. crescentus isolates CB1, CB2, CB13, 
ME4, and CB15, C. segnis TK0059, C. sp. CBR1, and species closely related to C. 
henricii CB4 including K31, FWC20, and AP07 [7, 12, 26, 27, 28, 29]. In addition, we 
tested B. diminuta, B. sp. DS20, and B. sp. ME6 [12]. CBR1, ME4, and ME6 are newly 
isolated wild type strains isolated from the Congaree River in Columbia, SC.   
Transmission Electron Microscopy 
Phage lysates with a titer greater than 1 x 109 pfu/ml were negatively stained with 
either 2% uranyl acetate or 2% phosphotungstic acid. Formvar copper coated grids were 
prepared by dropping 10 µl of sample on the grid for 30 seconds. Next the sample was 
removed via blotting, and 10 µl of stain was added. After another 30 second incubation, 
the stain was removed, and the grid was allowed to dry for a minimum of 5 minutes 
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before visualization on a Hitachi H8000 Transmission Electron Microscope or a JEOL 
1400-Plus Transmission Electron Microscope. Images were then printed, and head and 
tail dimensions were measured on a minimum of 10 phage particles for each new phage.  
DNA Extraction 
DNA extractions were performed on lysates with a titer greater than 1 x 1010 
pfu/ml using the Qiagen QIAamp DNA Mini Kit. Phage lysates were pelleted via 
ultracentrifugation in a Type 45 Ti rotor for four hours at 25,000 rpm at 4˚C. The 
manufacturer’s protocol was utilized with the exception that the phage pellets were 
suspended in 1X TM buffer (50 mM Tris HCl, 2.5 mM MgCl2) instead of AL buffer in 
the first step of the DNA isolation procedure. Post-isolation, DNA quality was observed 
by running the DNA on a 1.2% agarose gel, and the DNA concentration was measured on 
a NanoDrop Lite apparatus.  
Genome Sequencing, Assembly, and Repeat Region 
Isolated phage DNA was sequenced in combination with a bacterial genome using 
Pacific Biosciences sequencing services at the Delaware Bioinformatics Institute. Each 
bacteriophage genome came back as a single contig/unitig. However, BAM files were not 
provided to visualize read alignments. Therefore, BAM files were generated by loading 
raw data into the Pacific Biosciences Smrt Anaylsis portal powered by Amazon Cloud 
Services. The Smrt Analysis package 2.3, containing the HGAP 3 assembler protocol was 
used to reassemble the raw data and generate BAM files. The protocol was altered so 
there was a 17 kb seed read length, 1 kb read length filter, and with 80% read quality.  
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Bam files along with the reference bai files were uploaded into the Tablet 
program to visualize reads and read coverage [16]. The regions in which read coverage 
was doubled were reported as the terminal repeat regions. The genome was oriented so 
that the repeat region was located on the terminal ends. 
Genome Annotation 
Bacteriophage genomes were auto-annotated using the RAST tool [30]. 
Annotations were refined using the NCBI web-based BLASTp with default parameters 
[5]. Phages CcrBL10 and CcrPW were also aligned in Mauve [31] against the Rogue and 
Colossus genome sequences previously published by Gill et al. [9].  Codon usage was 
determined via EMBOSS: CUSP web server [32] and tRNA genes were identified using 
the tRNAscan-SE database and Aragorn [18, 19]. Genomes were edited using Artemis 
and UGENE genome analysis tools [33, 34]. The NCBI accession numbers for the newly 
sequenced genomes are CcrSC (MH588547), CcrPW (MH588545), CcrBL9 
(MH588546), and CcrBL10 (MH588544). The genomes of phiCbK (JX100813), 
CcrKarma (JX100811), CcrRogue (JX100814), CcrColossus (JX100810), and DSS3P8 
(KT870145) were downloaded from NCBI GenBank. The genomes of Ccr5 and Ccr10 
have been described previously (10). 
Phylogenetic Analysis 
Phylogenetic analyses of the bacteriophage genomes were performed using the 
PanX: pan-genome analysis tool with the default settings [35]. This program used 
DIAMOND multistep alignments and MCL clustering to define the core genome as well 
as phylogenetic relationships, and sequence alignment. The phylogenetic tree produced 
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via PanX was then visualized utilizing a tree view [35, 36]. Blastp comparisons of the 
bacteriophage genomes were performed using the BRIG [37]. Parameters were set to 
illustrate genes that share between a 35 to 80% identity. 
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CHAPTER 3 
IDENTIFICATION OF PROTEINS ASSOCIATED WITH TWO DIVERSE 
CAULOBACTER PHICBKVIRUSES2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                           
2 Wilson K, Zhu F, Zheng R, Chen S, and Ely B. (2019) To be submitted to Current 
Microbiology. 
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Abstract 
Genomic evolution within bacteriophages infecting Caulobacter crescentus is 
inevitable and this has been illustrated in previous research. However, the conservation of 
the proteins associated with the phage particles has not been investigated. In this study, 
we compared the structural proteins associated with two genomically diverse but 
morphologically similar Caulobacter crescentus infecting bacteriophages. We were able 
to detect more than 20 proteins that are part of the bacteriophage particles in both phages, 
and we were able to identify proteins that were found in only one of the two phage 
particles. All but one of the genes coding for these proteins were located in a region of 
the genome that had been designated a structural module, confirming the idea that the 
genes in these phage genomes are clustered according to their function. During the 
purification process, we also discovered that phiCbk may have a replication complex that 
can be recovered from the cell lysate.   
Background 
It is recognized that bacteria are essential for the survival of all other life forms 
because their biogeochemical cycling enzymes make our environment livable (Clokie 
2011). However, the bacteriophages that infect them are just as important. Knowledge of 
bacteriophages gives insight into host bacterial evolution, and allows us to evaluate 
different ways to utilize phages in other molecular techniques. Phage biology research 
has increased recently with the emergence of whole genome sequencing and molecular 
techniques to evaluate protein sequences as well (Grose and Casjens 2014). As a result, 
the true diversity of phage genome and proteome is being investigated. In addition, a 
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better understanding of the evolution of these genomes is a topic of interest, because of 
the renewed interest in phage therapy. One genus of bacteria in which the nucleotide 
sequence of multiple phage genomes has been determined is Caulobacter.  
Caulobacter crescentus is a prosthecate, Gram-negative, oligotrophic bacterium 
that is found in freshwater, lakes, streams, ponds, soil, and marine environments 
(Poindexter 1964). It has been a model system for the study of cell cycle, bacterial 
development, and physiology because of its dimorphic life cycle and its ability to 
senesce. The Caulobacter life cycle consists of a sessile stalked cell that grows and 
divides to regenerate the original stalk cell and release a motile swarmer cell (Poindexter 
1964). As the swarmer cell matures, the flagellum is shed, and the cell differentiates into 
a sessile stalked cell. 
Phages that infect Caulobacter crescentus have been of interest for over 50 years 
because of their ability to act as probes to detect cell-cycle specific markers in their 
model organism host (Agabian-Keshishian et al. 1971).  The first Caulobacter phage 
genome sequenced, the CbK phage genome, was completed only 7 years ago (Panis et al. 
2012). The CbK bacteriophage has an elongated cylindrical head and a long flexible tail. 
These characteristics classify it as a B3 morphotype (Agabian et al. 1972). CbK-like 
bacteriophages make up more than half of the bacteriophages that infect Caulobacter 
(Johnson et al. 1977). CbK infects its host by using a head filament to attach to the 
flagellum of the bacterium (Guerrero-Ferreira et al. 2011) and then it slides along the 
flagellum until its tail contacts a pilus near the base of the flagellum (Christen et al. 
2016). After pilus retraction, CbK injects its DNA into the cytoplasm of the cell and 
initiates a lytic cycle.  
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The original CbK genome sequence indicated that CbK had 319 protein coding 
sequences (CDS) and 24 tRNA genes (Panis et al. 2012). Only 44 of these genes coded 
for proteins with known functions, an additional 35 coded for conserved hypothetical 
proteins, and the remaining CDS coded for new hypothetical proteins. There was a set of 
genes that produces proteins for phage packaging and assembly including: one terminase, 
one major capsid protein, two tail fiber proteins, and one tail tape measure protein. Genes 
coding for proteins associated with lysis and DNA replication were also identified.  
Some proteins associated with the CbK phage structure have been identified by 
Gill et al. (2012) and Callahan et al. (2015). Gill et al. (2012) found eight proteins 
associated with the phiCbK phage structure after CsCl purification of the phage particles. 
Those proteins include tail proteins, the major and minor capsid proteins, and portal 
proteins. In contrast, Callahan et al. (2015) used a low speed centrifugation method for 
removing the bacteria from the phage lysate, omitting the CsCl purification step, and 
identified 20 phage proteins. While Callahan et al. (2015) did identify all but one of the 
proteins that Gill et al. (2012) had detected, they also found multiple replication proteins. 
Gill et al. (2012) also described five new bacteriophages. One of the five, 
CcrColosuss, shared the B3 morphotype, but the head and tail structures were larger than 
those of the other Phicbkviruses.  CcrColossus also had a larger genome with 448 CDSs 
and even though it maintained the same gene order, its nucleotide sequence had little 
homology to the other Phicbkvirus genomes (Gill et al. 2012, Ash et al. 2017). 
Subsequently, Wilson and Ely (2019) identified four additional Phicbkviruses that had 
larger genomes and capsid sizes. The largest and most diverse was the CcrSC phage, 
which contained 546 CDSs. Approximately 5% of the CcrSC phage genome contained 
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unique CDSs that were not present in any other known genome and two these novel 
genes were located in the structural module of the SC genome. To determine if the 
proteins produced from these additional “structural” genes were actually incorporated 
into the phage particles, the structural proteins of both the phiCbK and CcrSC phage 
particles were analyzed. When we compared the proteins from each phage structure to 
each other, we found that the proteins coded by the two novel CDSs in the CcrSC 
structural module were present in the CcrSC phage particle. This result further 
emphasizes the divergent nature of the CcrSC and phiCbK lineages. 
Methods 
Phage Growth  
The host bacteria, SC1004, a streptomycin resistant Caulobacter crescentus CB15 
strain (Ely and Croft 1982) was grown in 2 liters of Peptone Yeast Extract (PYE), 0.2% 
peptone, 0.1% yeast extract, 0.5 mM CaCl2, and 0.8 mM MgSO4, for 6 hours in a shaker 
at 30°C. Then 250 µL of at least 1 x 1010 pfu/ml of bacteriophage phiCbK or CcrSC was 
added and incubated in the shaker overnight at 30°C. The phage lysate was then spun at 
2800 x g for 10 minutes. The bacterial pellet was discarded and the supernatant was kept 
and spun again until there was no visible pellet. Then the supernatant was centrifuged in a 
Beckman Type ti 45 rotor at 72,530 x g for 4 hours to concentrate the phage into a pellet. 
Supernatants were discarded and the pellets were suspended in SM media (50 mL 1 M 
Tris-Cl pH 7.5, 5 mL 2% gelatin, 5.8 g NaCl, and 2 g MgSO4 6H2O) (Bonilla et al. 
2016), and placed a 4°C.  
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Purification 
  Purification via a CsCl gradient utilizes the higher density of the intact phage 
particle as a way to separate it from other extracellular proteins and bacterial components. 
First, three milliliters of 1.7p CsCl was pipetted into a Beckman quick seal centrifuge 
tube. Subsequently, three milliliters of 1.4p was carefully pipetted on top of the previous 
layer, and then one milliliter of the concentrated phage lysate was layered on top. After 
the tubes were sealed, the gradient was put into a Beckman type ti 80 rotor and spun at 
45,453 x g for 2 hours at 4°C. The tubes were removed and the band at the top of the 
gradient was removed using a 24 ½ gauge needle, and a second needle was used to 
remove the middle band at about 1.45p.  The resulting samples were dialyzed in SM 
media to remove the cesium, by placing one milliliter aliquots of each sample in 5 cm of 
3/8” dialysis tubing with a 14,000 MW cutoff. The tubes then were placed in 1 L of 1X 
SM media for 2 hours. A second wash with 1X SM media was completed for an 
additional 2 hours. Finally, the samples were placed in 0.5X SM media overnight at 4°C. 
The following morning samples were carefully removed from tubing and placed at 4°C.  
Preparation for Peptide Sequencing 
An SDS gel was prepared with a 12% acrylamide resolving gel, and a 4% 
acrylamide stacking gel.  Each of ten 25 µL aliquots of a single phage sample was mixed 
with 5µL of 6X loading dye/ 2% ß-mercaptoethanol, and then boiled for 5 minutes. The 
boiled samples were then loaded in the SDS gel and electrophoresed at 60V for 35 
minutes. This procedure ensured that all of the phage proteins were in a single compact 
band at beginning of the resolving gel while also removing any small molecules that 
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might have been present. The 10 replicate bands for each sample were combined, placed 
in 1X TE buffer, and shipped on dry ice to the University of Florida’s Proteomic Core. 
This increased concentration obtained by using 10 replicate bands was critical for 
identifying the less abundant proteins. The excised bands from the gel were de-stained 
with 1ml 50 mM ammonium bicarbonate, pH 8.0/acetonitrile (1:1, v/v). Each sample was 
reduced with 20 mM DTT, alkylated with 40 mM of 2-chloroacetamide, and trypsin-
digested. Tryptic digested peptides were desalted with C18-Ziptip (Millipore, Billerica, 
MA, USA).  
MS/MS analysis 
An Orbitrap Fusion Tribrid Mass Spectrometer system (Thermo Fisher Scientific, 
San Jose, CA, USA) was used with collision ion dissociation (CID) in each MS and 
MS/MS cycle. The MS system was interfaced with an ultra-performance Easy-nLC 1200 
system (Thermo Fisher Scientific, Bremen, Germany). Tryptic digested peptides were 
loaded onto a Acclaim Pepmap 100 pre-column (20 mm × 75 μm; 3 μm-C18) and then 
separated on a PepMap RSLC analytical column (500 mm × 75 μm; 2 μm-C18) at a flow 
rate of 250 nl/min of solvent A (0.1% formic acid), followed by a linear increase from 
0% to 25% solvent B (0.1% formic acid, 99.9% acetonitrile) in 110 min and then ramping 
up to 98% B and stayed for 10 min. Then the system was equilibrated in solvent A for 30 
min. The spectrum library was produced in the data dependent mode with survey scans 
acquired at a resolution of 120,000 at 200 m/z. The mass spectrometer was operated in 
MS/MS mode scanning from 350 to 2000 m/z. The maximum ion injection times for the 
survey scan and the MS/MS scans were 35 ms. Each survey scan acquired at 120,000 
FWHM was followed by one MS/MS scans of the most intense precursor ions in the 
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linear ion trap. Preview mode was enabled and dynamic exclusion was set for 36 s. 
Charge state screening was employed to select for ions with at least two charges and 
rejecting ions with undetermined charge state. The normalized collision energy was set to 
35%, and one microscan was acquired for each spectrum. 
Proteome Data Search and Analysis 
Tandem mass spectra were extracted by Proteome Discoverer (Thermo-Fisher) 
version 2.2.0.388. All MS/MS samples were analyzed were processed by a thorough 
database searching considering biological modification and amino acid substitution 
against an Uniprot non-redundant Cbk_20190207 database (338 entries) with decoy 
option using MASCOT 2.4 (Matrix Science Inc., Boston, MA, USA) with the following 
parameters: peptide tolerance at 10 ppm, tandem MS tolerance at ± 1.00 Da, peptide 
charge from 2+ to 4+, trypsin as the enzyme, Carbamidomethyl (C) as fixed 
modifications, and oxidation (M) and deamidation (N and Q), pyro-glutamic acid (pyro-
E) from glutamine (Q) as variable modifications. Scaffold (version Scaffold_4.2.1, 
Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and 
protein identifications. The false discovery rates (FDRs) of proteins was controlled under 
5%. Scaffold (version Scaffold_4.2.1, Proteome Software Inc., Portland, OR) was used to 
validate MS/MS based peptide and protein identifications. Peptide identifications were 
accepted if they could be established at greater than 80.0% probability by the Peptide 
Prophet algorithm (Keller et al., 2002) with Scaffold delta-mass correction. Protein 
identifications were accepted if they could be established at greater than 95.0% 
probability. Protein probabilities were assigned by the Protein Prophet algorithm 
(Nesvizhskii et al., 2003) which is established at greater than 95.0% probability and 
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contained at least 2 identified peptides. Proteins that contained similar peptides and could 
not be differentiated based on MS/MS analysis alone were grouped to satisfy the 
principles of parsimony. Proteins sharing significant peptide evidence were grouped into 
clusters. 
Results and Discussion 
CbK Structural Module 
A total of 62 protein coding genes make up the structural module of the phiCbK 
genome (Gill et al. 2012). We were able to detect 23 of these 62 proteins (Table 3.1), 
including 9 that have functional annotations and 14 that have been annotated as 
hypothetical genes. Since the starting material for this analysis was purified phage 
particles, we can conclude that the 13 genes annotated as coding for hypothetical proteins 
actually code for proteins that are incorporated into the phiCbK phage particle. 
Furthermore, based on the locations of these 13 genes within the structural cluster, we 
can infer the function of some of them. For example, the gene coding for CbK_gp67 is 
located adjacent to the genes coding for CbK_gp68 and CbK_gp69, the major and minor 
capsid proteins, respectively. Therefore, CbK_gp67 is likely to be a head protein, 
possibly one that interacts with the capsid proteins. Similarly, CbK_gp96, gp100, and 
CbK_gp103 are located among genes associated with formation of the phage tail. 
Therefore, we can infer that CbK_gp96, CbK_gp100, and gp103 are likely to be tail 
proteins.  
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Table 3.1. Number of proteins detected vs the number of CDSs present in the 
genome modules. 
Module Detected # of CDS Present 
CbK Structural 23 62 
CbK Lysis 2 5 
CbK Replication 16 30 
SC Structural 24 93 
 
The cluster of genes coding for CbK_gp72 to CbK_gp78 lies between the genes 
regions that code for the head proteins and those that code for the tail proteins. Our data 
indicate that each of these proteins except CbK_gp76 are present in the phage particles, 
since CbK_gp76 contains a lectin binding domain, it is likely to be associated with the 
tail fibers, but it may be present at a lower abundance since it was not detected in our 
experiments. Other proteins not detected in this experiment that have CDSs in the 
structural module are illustrated in (Figure 3.1). There were a total of 40 proteins not 
detected with 24 of them between CbK_gp42- CbK_gp67. Thus this region of the 
genome may not code for any structural proteins. Alternatively, the proteins produced by 
these genes were not detected due to low abundance in the phage particle. Similarly, the 
region between gp78 and gp87 contains 24 tRNA genes so it is likely that some or all of 
the proteins produced by genes in this region are not incorporated into the phage 
structure. Therefore, we may have detected nearly all of the proteins that are actually 
present in the phage structure. 
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Figure 3.1. Proteins detected within the structural module of PhiCbK. The red boxes 
indicate genes in which the protein was detected. The white boxes within the structural 
module in which the corroborating protein was not detected, and the green boxes are 
representative of tRNAs in this region of the genome. 
 
While almost all of the proteins detected in the intact phage particle were found 
within the region previously designated as the structural module (Gill et al. 2012), 
CbK_gp180 which is annotated as a lipoprotein was found in a region separate from the 
structural, lysis and replication modules. In general, lipoproteins in phages have been 
suspected to be involved in superinfection exclusion which prevents coinfection by a 
similar phage. It is thought that this protein modifies entry receptors and or inhibits 
peptidoglycan degradation enzymes produced by the other phages. Therefore, it could be 
advantageous for gp180 to be part of the intact phage structure.  
While 20 of the 23 proteins identified in association with phiCbK structure 
corresponded to homologous proteins predicted to be produced by the CcrSC genome, 
there were three, CbK_gp90, CbK_gp103, and CbK_gp180, that did not have homologs 
in the CcrSC genome (Table A.7). The genes for these proteins were found only in phage 
genomes that were located on the phiCbK branch of the phylogenetic tree (Wilson and 
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Ely 2019). The first two genes coded for hypothetical proteins, but they were located in 
the region of the structural module that contained genes associated with tail structure. 
Thus, if these genes code for tail proteins, they would be tail proteins that are present in 
only one of the four phage lineages. 
CcrSC Structural Module 
The location of the CcrSC structural module was predicted by comparison of the 
CcrSC genome to that of phiCbK, and it contains 93 CDSs compared to the 62 present in 
this region of phiCbK. Functional annotations were defined for 12 of the detected CcrSC 
proteins and the remaining 81 proteins were annotated as hypothetical. When the intact 
CcrSC phage particles were examined, we were able to detect 24 of the 93 predicted 
proteins (Table 1). 
As with the phiCbK phage structural module, we were not able to define the head 
and tail domains within the SC module. However, the phiCbK CbK_gp67 homolog, 
CcrSC_gp118 also clustered with the major and minor capsid genes. Therefore, it is 
assumed that CcrSC_gp118 is also a head protein. There is also a cluster of genes from 
CcrSC_gp130- CcrSC_gp136 that is similar to the CbK_gp72-CbK_gp78 cluster in 
phiCbK, and two of the gene products in this region are annotated as phage tail proteins. 
Thus, all or part of this cluster in both phage genomes is likely to be involved in creating 
the phage tail. A second cluster of tail genes that correspond to the CbK genes CbK_gp92 
to CbK_gp101 is present in the CcrSC genome from CcrSC_gp158- CcrSC_gp168 
(Figure 3.2). The two clusters of tail genes are separated by a region containing 24 tRNA 
genes along with 16 CDS. The corresponding region in the phiCbK genome contained 
 
 52
only seven CDS, and only one of them had the codon usage pattern of a typical of a 
protein coding region. In contrast, 14 of the 16 CcrSC genes in this region had the codon 
usage pattern of a typical of a protein coding region. Thus, it is unlikely that this region 
codes for structural proteins since the CDS in these two regions are entirely different, and 
nearly half of the tRNA genes are different as well (Wilson and Ely 2019). 
 
Figure 3.2. Proteins detected within the structural module of CcrSC. The red boxes 
indicate genes in which the protein was detected. The white boxes within the structural 
module are CDS in which proteins were not detected, and the green boxes are 
representative of tRNAs in this region of the genome. 
 
In addition to the proteins detected in both phiCbK and CcrSC particles, we 
detected four proteins, CcrSC_gp122, CcrSC_gp146, CcrSC_gp148, and CcrSC_gp157, 
that were found only in the CcrSC phage particles. All four were annotated as 
hypothetical proteins. Homologs of CcrSC_gp157 were present in the CcrColossus and 
CcrPw branches of the phylogenetic tree (Table A.7) so it probably has been deleted 
from the CbK lineage. CcrSC_gp148 was also present in all but the phiCbK lineage, but 
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it appears to have been lost from the CcrColossus genome as well. In contrast, 
CcrSC_gp122 was only found in the CcrSC and CcrBL9 genomes so it is more likely to 
be an insertion in the CcrSC lineage.  The remaining gene, CcrSC_gp146, was present 
only in the CcrPW genome, but the predicted amino acid identity was only 37% and the 
gene was at a different location in the PW genome so the two genes probably do not 
share any recent evolutionary history. The fact that the unique CcrSC_gp122, 
CcrSC_gp146, CcrSC_gp148, and CcrSC_gp157 genes code for proteins that contribute 
to the CcrSC phage particles indicates that there is some variation in the components used 
to make the two types of phage particles. We also found that CcrSC_gp130 and 
CcrSC_gp131 were both homologs to CbK_gp073 (Table A.8). Further investigation 
showed that these two proteins were not homologs of each other and that they matched 
different parts of the CbK_gp073 gene. Additional genomic comparisons showed that the 
CbK_gp073 homologs were always a single gene in the phiCbK and the CcrRogue 
lineages, and they were always two genes in the CcrSC and the PW lineages. Thus, either 
a CbK_gp073 ancestral gene split into two genes, or the CcrSC_gp130 and CcrSC_gp131 
ancestral genes fused to become one early in the evolutionary history of these phages. 
Top phiCbK CsCl Fraction 
The top fraction of the CsCl gradients was shown by electron microscopy to 
contain a variety of structures including empty phage particles containing no DNA, 
bacterial flagella, and globular structures of various sizes (Figure 3.3). Amino acid 
sequencing of the proteins found in this fraction resulted in the detection of the proteins 
produced by two of the four genes that comprise the lysis module. In addition, we 
identified 16 proteins that were coded by genes in the 30 gene replication module. Thus, 
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we have verified the expression of more than half of the genes in these two regions of the 
genome. Since these proteins are not found in the intact phage particles, and they were 
part of the pellet after ultracentrifugation of the cell free lysate, they are probably located 
in the globular structures that are present in this fraction of the cesium chloride gradient. 
Therefore, we hypothesize that these globular particles represent regions of the host 
bacteria where phage genome replication and phage particle assembly were occurring 
prior to the lysis of the cell. 
 
Figure 3.3. Transmission electron micrograph of the top gradient of phiCbK post 
CsCl gradient. Scale bar is 500 nm. 
 
A complex of DNA replication enzymes also has been detected in a lysate of T4-
infected E. coli cells (Chiu et al. 1982). They found multiple enzymes associated with 
this complex including: ribonucleoside diphosphate reductase (alpha and beta subunits), 
dCMP deaminase, dCTP/dUTPase, dCMPhydroxymethylase, dTMP synthetase, and 
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DNA polymerase. They were also able to identify pre-replicative proteins related to DNA 
replication and other phage proteins including the rIIB and rIIA proteins. Similarly, we 
detected both of the ribonucleoside diphosphate reductase subunits, thymidylate synthase, 
dNMP kinase, DNA methylase, dUTP pyrophosphatase, and a T7-like DNA polymerase 
(Table A.7). The presence of the replication complex homologs in the phiCbK lysate 
indicates that the proteins detected in this layer are likely to be associated in a complex 
that is involved in replicating the phiCbK genome. 
Conclusions 
We have identified 23 phiCbK structural proteins and homologs of 20 of these 23 
proteins are associated with the CcrSC phage particles as well. The genes coding for the 
remaining three proteins were found only in the genomes of the other Phicbkviruses that 
shared the same branch of the phylogenetic tree. Moreover, we found four additional 
proteins in the CcrSC phage particle that were not present in the CbK phage particle since 
the CbK genome does not contain the genes for these proteins.  Thus there is some 
variation in the proteins that are incorporated into the phage particles. Additionally all but 
one of the genes that coded for proteins of the phiCbK particle resided in the structure 
module. Thus these data support the hypothesis that the genes of the PhiCbKviruses are 
clustered according to their function as first proposed by Gill et al. (2012).  
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CHAPTER 4 
CONCLUSIONS
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 I am the first to report the evolutionary relationships of Caulobacter 
phiCbKviruses on both a genomic and proteomic level. We identified four distinct 
lineages within the Phicbkvirus genus that share a “core genome” despite their high 
genomic diversity. During pairwise analysis of these four lineages, I was able to identify 
the first inversion event to be demonstrated in these 16 phicbkviruses. In addition, several 
smaller rearrangements were discovered in the regions of these phage genomes that code 
for tRNAs suggesting that these regions are more mobile than the rest of their genomes.  
 The genomic diversity and increased morphological size of CcrSC led us to 
compare the structural proteins of this phage to those of the well-studied phiCbK phage. 
We were able to detect 23 proteins associated with the phiCbK structure, and 24 proteins 
associated with CcrSC. While 20 of the 23 phiCbK structural proteins were homologous 
to the corresponding CcrSC proteins, genes for the three remaining proteins were found 
only in the phage genomes that were located on the same phylogenetic branch as the 
phiCbK genome. I speculate that these proteins are associated with the phage tail 
structure. These proteins therefore can also potentially affect the infection process. 
Similar results were observed for the CcrSC proteins with the genes for two proteins 
found only in the closely-related CcrSC and CcrBL9 genomes. Two additional proteins 
shared homology with genes found only in the genomes of Phicbkviruses with genome 
sizes greater than 250 kbp. Genes for one of the two proteins were found only in the 
distantly-related CcrSC and CcrPW genomes suggesting a horizontal gene transfer event. 
This finding is interesting because horizontal gene transfer was not observed in our study 
of the core genome, so this could be the first observation of a horizontal gene transfer 
event among the Phicbkvirus genomes. Horizontal gene transfer within a group of lytic 
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phage is rarer than with temperate phage because coinfection would have to occur within 
the short time the phage spends with the host. Additionally, phages express proteins that 
prevent coinfection. However, further analyses are needed to determine if a horizontal 
gene transfer event is likely to have occurred at this locus. This analysis would include 
the evaluation of all CDS of each phage genomes as well as the analysis of novel phages 
from the environment. 
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Table A.1.  Genomic characteristics of ten CbK-like bacteriophages that infect 
Caulobacter crescentus 
*Repeat lengths for CbK, Rogue, and Colossus were retrieved from Gill et al. [9]. 
Therefore, the Colossus terminal repeat is approximate due to the inability to distinguish 
one boundary. 
 
 
  
Features
*        
CbK Karm
a 
Ccr10 Ccr5 Rogue BL10 Colossu
s 
PW SC BL9 
Termina
l Repeat 
(bp) 
10,287 10,254 10,650 10,508 10,321 9,709 ~16,700 18,404 23,946 22,260 
# 
Unique 
genes 
1 1 2 2 11 11 28 38 20 38 
# tRNA 
genes 
29 29 29 28 28 25  29 49 25 35 
1st 
Letter   
GC 
Codon 
Usage 
64.98
% 
64.93
% 
64.75
% 
64.9% 
63.93
% 
63.92
% 
62.86% 
62.94
% 
63.56
% 
63.38
% 
2nd 
Letter 
GC 
Codon 
Usage 
46.06
% 
46.10
% 
46.07
% 
46.08
% 
45.57
% 
45.35
% 
44.80% 
44.82
% 
44.60
% 
44.38
% 
3rd 
Letter 
GC 
Codon 
Usage 
88.80
% 
89.02
% 
88.91
% 
89.04
% 
90.33
% 
89.25
% 
80.04% 
80.49
% 
86.04
% 
84.74
% 
Avg GC 
Codon 
Usage 
66.62
% 
66.68
% 
66.58
% 
66.67
% 
66.61
% 
66.17
% 
62.57% 
62.75
% 
64.74
% 
64.17
% 
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Table A.2.  Nucleotide sequence comparison of phiCbKviruses T7 Polymerase 
Caulobacte
r 
Phage 
CbK Ccr5 
Ccr1
0 
Karm
a 
Rogu
e 
BL1
0 
Colossu
s 
PW SC 
BL
9 
CbK 100          
Ccr5 
98 
(100) 
100         
Ccr10 
97(100
) 
98 
(100
) 
100        
Karma 
98 
(100) 
99 
(100
) 
98 
(100) 
100       
Rogue 
92 
(100) 
92 
(100
) 
92 
(100) 
92 
(100) 
100      
BL10 
92 
(100) 
92 
(100
) 
92 
(100) 
92 
(100) 
97 
(100) 
100     
Colossus 73 (95) 
72 
(95) 
73 
(95) 
72 (95) 
72 
(95) 
72 
(95) 
100    
PW 74 (95) 
74 
(92) 
73 
(96) 
74 (95) 
75 
(92) 
74 
(92) 
90 (100) 100   
SC 75 (84) 
75 
(84) 
74 
(84) 
75 (84) 
74 
(87) 
67 
(94) 
69 (86) 
70 
(79
) 
100  
BL9 74 (85) 74 
(85) 
74 
(85) 
75 (84) 
74 
(87) 
67 
(94) 
70 (89) 
70 
(80
) 
93 
(99
) 
100 
*Query coverage is listed in parentheses. 
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Table  A.3. Nucleotide sequence comparison of PhiCbKviruses Major Capsid  
Caulob
acter 
Phage 
CbK Ccr5 
Ccr1
0 
Karm
a 
Rogu
e 
BL10 
Coloss
us 
PW SC 
BL
9 
CbK 100           
Ccr5 
99 
(91) 
100         
Ccr10 
99 
(91) 
99 
(100) 
100        
Karma 
99 
(91) 
99 
(100) 
99 
(100) 
100       
Rogue 
96 
(91) 
96 
(100) 
96 
(100) 
96 
(100) 
100      
BL10 
96 
(91) 
96 
(100) 
96 
(100) 
96 
(100) 
99 
(100) 
100     
Colossu
s 
77 
(90) 
77 
(98) 
77 
(98) 
78 
(98) 
78 
(98) 
78 
(98) 
100    
PW 
78 
(90) 
77 
(98) 
78 
(98) 
77 
(98) 
78 
(98) 
78 
(98) 
99 
(100) 
100   
SC 
80 
(90) 
80 
(98) 
80 
(98) 
80 
(98) 
79 
(98) 
80 
(98) 
78 
(100) 
78 
(100) 
100  
BL9 
79 
(90) 
79 
(98) 
79 
(98) 
79 
(98) 
79 
(98) 
79 
(98) 
77 
(100) 
77 
(100) 
99 
(100
) 
10
0 
*Query coverage is listed in parentheses. 
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4
 
Table A.4. Gene product table illustrating the location of each gene within the 10 CbK-like bacteriophage genomes 
Gene Product 
Gene Number 
CbK Ccr10 
Kar
ma 
Ccr
5 
Rog
ue 
BL1
0 
Coloss
us 
PW SC BL9 
Hypothetical 32 33 33 32 33 29 371 386 453 464 
Hypothetical 37 37 38 36 39 35 74 79 99 103 
Portal Protein 42 42 43 41 46 42 38 42 78 82 
Hypothetical 44 44 45 43 47 43 42 45 79 83 
ORF 199 65 65 66 64 67 62 79 82 360 358 
Hypothetical 67 67 68 66 69 64 80 83 118 121 
Major Capsid 68 68 69 67 70 65 81 84 119 123 
Minor Capsid 69 69 70 68 71 66 82 85 120 124 
Hypothetical 72 73 73 71 74 69 86 93 129 132 
Hypothetical 73 74 74 72 75 70 87/89 94/9
6 
130/1
32 
133/1
35 
Autotransporter/Phage Binding/Tail 74 75 75 73 76 71 88 95 131 134 
Hypothetical 75 76 76 74 77 72 90 97 133 136 
Lectin-like Protein/PE-PGRS/Phage Binding/Tail 76 77 77 75 78 73 91 98 134 137 
Hypothetical 77 78 78 76 79 74 92 99 135 138 
Hypothetical 78 79 79 77 80 76 93 100 136 139 
Pho-like DNA Binding Protein 86 84 87 84 86 80 103 117 153 158 
Hypothetical (T1SS Toxin Secretion) 87 85 88 85 87 81 104 118 154 159 
Hypothetical 88 86 89 86 88 82 105 119 155 160 
Hypothetical 89 87 90 87 89 83 106 120 156 161 
7
5
 
Hypothetical 91 89 92 89 90 84 114 121 157 162 
Major Tail Tube Protein 92 90 93 90 91 85 115 122 158 163 
Pre-tape measure chaperone protein 93 91 94 91 92 87 116 123 159 164 
Pre-tape measure chaperone protein 94 91 95 91 93 88 117 124 160 165 
Tail tape measure protein 95 92 96 92 94 89 118 125 161 166 
Gene Transfer Agent/ Tail Protein 96 93 97 93 95 90 119 126 162 167 
Gene Transfer Agent Specificity Protein/Tail 
Protein 
97 94 98 94 96 91 120 127 163 168 
NlpC/P60 Cell Wall Peptidase 98 95 99 95 97 92 121 128 164 169 
Putative Tail Protein 99 96 100 96 98 93 122 129 165 170 
Phage Tail Fiber Proteins 100 97 101 97 99 94 124 131 167 172 
Glycoprotein/Putative Tail Protein 101 98 102 98 100 95 125 132 168 173 
Lysozyme 104 101 105 101 101 96 134 141 175 180 
Putative HTH DNA Binding Protein 109 106 110 106 106 100 140 148 206 210 
Putative dUTP Pyrophosphatase 110 107 111 107 107 101 141 149 205 209 
Ribonucleotide Reductase Beta Subunit 111 108 112 108 108 102 142 150 204 208 
Ribonucleotide Reductase Alpha Subunit 112 109 113 109 109 103 143 151 203 207 
Hypothetical 113 110 114 110 110 104 144 152 198 202 
Hypothetical 115 112 116 112 112 106 147 155 196 200 
Putative Thymidylate Synthase 116 117 117 113 113 107 150 158 193 197 
Putative dNMP Kinase 117 114 118 114 114 108 152 160 192 196 
Putative RecD-like Helicase 118 115 119 115 115 109 153 161 191 195 
Polyribonucleotide Nucleotidyl Transferase 119 116 120 116 116 110 154 162 188 192 
Hypothetical 120 117 121 117 117 111 155 163 187 191 
Putative Pol III-like exoribonuclease 121 118 123 118 118 112 156 164 185 190 
Putative T7-like Pol I DNA polymerase 123 120 125 120 120 114 158 166 184 188 
Putative DNA Cytosine Methyltransferase 124 121 126 121 121 115 159 167 183 187 
Probably A1 Protein 126 124 128 123 123 117 161 169 182 186 
Putative DNA Methylase Protein 127 125 129 124 124 118 162 170 181 185 
7
6
 
Putative DNA Helicase 131 129 133 127 129 122 165 173 211 215 
Hypothetical 136 134 138 132 134 128 177 185 212 216 
Hypothetical 142 139 144 137 139 132 181 191 214 218 
Tyrosine Recombinase/ Transposase A from 
Transposon Tn55  
143 140 145 138 140 133 182 192 215 219 
PE-PGRS Family 146 143 148 141 144 138 183 193 218 221 
Hypothetical 148 145 150 143 146 140 186 196 225 227 
Putative HTH Domain Protein 149 146 151 144 147 141 187 197 224 226 
Hypothetical 152 149 154 147 151 145 192 201 220 223 
Putative Ntn hydrolase domain Protein 158 154 160 152 155 149 57 60 354 352 
Putative Nicotinate Phophoribosyltransferase 162 158 164 156 159 154 203 211 232 234 
Putative NUDIX Hydrolase Domain 163 159 165 157 160 155 204 212 234 235 
Putative HD-Domain /PDEase-like Protein 169/1
73 
165/1
70 
171 163 166 161 212 219 295 293 
Hypothetical 184 180 186 178 181 176 259 267 200 204 
Hypothetical 210 215 222 212 216 207 276 283 291 289 
Hypothetical 211 216 223 213 218 209 280 268 366 364 
Putative HTH DNA Binding Protein 216 221 228 218 222 214 252 261 236 237 
Hypothetical 285 290 300 287 293 283 261 269 313 310 
Hypothetical 312 318 327 313 324 312 441 443 484 497 
DNAase H-like Domain 314 320 329 315 327 315 444 446 494 509 
Hypothetical 315 321 330 316 328 316 445 447 495 510 
Putative Terminase Small Subunit 317 323 332 318 330 318 447 449 498 513 
Putative Terminase Large Subunit 318 324 333 319 331 319 448 450 501 517 
77 
Percent identity of genome that is greater than 70% 
Caulobacter 
Phage 
CbK Ccr5 Ccr10 Karma Rogue BL10 Colossus PW SC BL9 
CbK 100 
Ccr5 97 100 
Ccr10 98 97 100 
Karma 98 98 97 100 
Rogue 68 69 67 67 100 
BL10 70 70 69 68 91 100 
Colossus 6 5 6 6 7 7 100 
PW 5 5 5 4 5 6 88 100 
SC 3 3 4 3 8 8 3 4 100 
BL9 3 3 4 4 6 6 4 3 92 100 
Table A.5. Nucleotide sequence comparison of CbK-like bacteriophages using NCBI 
BLASTn
78 
CbK Ccr5 Ccr10 Karma Rogue BL10 Colossus PW BL9 SC 
Trp Trp Trp Trp Trp Trp Trp Trp Trp Trp 
Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly 
Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly 
Thr Thr 
Glu Glu Glu Glu Glu Glu Glu Glu Glu Glu 
Asp Asp Asp Asp Asp Asp Asp Asp Asp Asp 
Pro Pro Pro Pro Pro Pro Pro Pro Pro Pro 
Pro Pro Pro Pro Pro Pro Pro Pro Pro Pro 
Pro Pro 
Thr Thr 
Thr Thr Thr Thr Thr 
Lys Lys Lys Lys Lys Lys Lys Lys Lys Lys 
Lys Lys Lys Lys Lys Lys Lys Lys Lys Lys 
Leu Leu Leu Leu Leu Leu Leu Leu Leu Leu 
Leu Leu Leu Leu Leu Leu Leu Leu Leu Leu 
Leu Leu Leu Leu Leu Leu Leu Leu Leu Leu 
His His His His His His 
Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala 
Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser 
Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser 
Ser Ser 
Trp Trp 
Phe Phe Phe Phe Phe Phe Phe Phe Phe Phe 
Val Val Val Val Val Val Val Val Val Val 
Ile Ile Ile Ile Ile Ile Ile Ile Ile Ile 
Ile Ile Ile Ile Ile Ile Ile Ile Ile Ile 
Val Val Val Val Val Val Val Val Val Val 
Gln Gln Gln Gln Gln Gln Gln Gln Gln Gln 
Gln Gln Gln Gln Gln Gln Gln Gln Gln Gln 
Ile Ile Ile Ile Ile Ile Asn Asn Asn Asn 
Arg Arg Arg Arg 
Gly Arg Arg Arg Arg Arg Arg Gly Phe Phe 
Arg Leu Ala 
Arg 
Cys Cys Cys Cys Cys Cys Cys Cys Cys Cys 
Table A.6. List of tRNA genes in the order of their location in each genome. 
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Gly Lys Gly Lys Gly Gly Gly Gly Gly Gly 
fMet fMet fMet fMet fMet fMet fMet fMet fMet fMet 
Met Met Met Met Met Met Met Met Met Met 
Ala Arg Cys Cys 
Arg Arg 
Arg Arg Arg 
Inserted 
Different tRNA 
located in the 
same region 
Deleted 
Translocation 
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Table A.7. Detected Protein Annotations 
Phage Module Gene Number Annotation 
phiCbK Structural CbK_gp042 portal protein 
phiCbK Structural CbK_gp067 hypothetical 
phiCbK Structural CbK_gp068 major capsid 
phiCbK Structural CbK_gp069 minor capsid 
phiCbK Structural CbK_gp072 hypothetical 
phiCbK Structural CbK_gp073 hypothetical 
phiCbK Structural CbK_gp074 hypothetical 
phiCbK Structural CbK_gp075 hypothetical 
phiCbK Structural CbK_gp076 putative lectin-like domain protein 
phiCbK Structural CbK_gp078 hypothetical 
phiCbK Structural CbK_gp087 hypothetical 
phiCbK Structural CbK_gp088 hypothetical 
phiCbK Structural CbK_gp089 hypothetical 
phiCbK Structural CbK_gp090 hypothetical 
phiCbK Structural CbK_gp092 major tail tube protein 
phiCbK Structural CbK_gp095 tail tape measure protein 
phiCbK Structural CbK_gp096 hypothetical 
phiCbK Structural CbK_gp097 putative tail protein 
phiCbK Structural CbK_gp099 putative tail protein 
phiCbK Structural CbK_gp100 hypothetical 
phiCbK Structural CbK_gp101 putative tail protein 
phiCbK Structural CbK_gp103 hypothetical 
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phiCbK Structural CbK_gp180 putative band 7 lipoprotein 
phiCbK Lysis CbK_gp104 putative endolysin 
phiCbK Lysis CbK_gp105 inner membrane spanin component 
phiCbK Lysis CbK_gp106 putative outer membrane spanin  
component 
phiCbK Lysis CbK_gp107 putative holin protein 
phiCbK Lysis CbK_gp108 hypothetical 
phiCbK Replication CbK_gp110 putative dUTP pyrophosphatase 
phiCbK Replication CbK_gp111 putative ribonucleoside  
diphosphate reducatase beta subunit 
phiCbK Replication CbK_gp112 putative ribonucleoside d 
iphosphate reducatase alpha subunit 
phiCbK Replication CbK_gp116 putative thymidylate synthase 
phiCbK Replication CbK_gp117 putative dNMP kinase 
phiCbK Replication CbK_gp119 hypothetical 
phiCbK Replication CbK_gp120 hypothetical 
phiCbK Replication CbK_gp121 putative Pol III-like exoribonuclease 
phiCbK Replication CbK_gp123 putative T7-like Pol I DNA polymerase 
phiCbK Replication CbK_gp125 hypothetical 
phiCbK Replication CbK_gp126 putative T5 A1-like protein 
phiCbK Replication CbK_gp127 putative DNA methylase 
phiCbK Replication CbK_gp131 putative DNA helicase 
phiCbK Replication CbK_gp136 hypothetical 
phiCbK Replication CbK_gp137 putative rIIb-like protein 
phiCbK Replication CbK_gp138 putative rIIa-like protein 
82 
CcrSC Structural SC_gp078 portal protein 
CcrSC Structural SC_gp118 phage protein 
CcrSC Structural SC_gp119 major capsid protein 
CcrSC Structural SC_gp120 minor capsid protein 
CcrSC Structural SC_gp122 hypothetical 
CcrSC Structural SC_gp130 hypothetical 
CcrSC Structural SC_gp131 phage tail protein 
CcrSC Structural SC_gp132 hypothetical 
CcrSC Structural SC_gp133 hypothetical 
CcrSC Structural SC_gp134 phage tail protein 
CcrSC Structural SC_gp135 hypothetical 
CcrSC Structural SC_gp136 hypothetical 
CcrSC Structural SC_gp146 hypothetical 
CcrSC Structural SC_gp148 hypothetical 
CcrSC Structural SC_gp154 hypothetical 
CcrSC Structural SC_gp155 hypothetical 
CcrSC Structural SC_gp157 hypothetical 
CcrSC Structural SC_gp158 major tail tube protein 
CcrSC Structural SC_gp161 tail tape measure protein 
CcrSC Structural SC_gp162 pre-tape measure chaperone protein 
CcrSC Structural SC_gp163 pre-tape measure chaperone protein 
CcrSC Structural SC_gp165 putative tail protein 
CcrSC Structural SC_gp167 phage tail fibers 
CcrSC Structural SC_gp168 putative tail protein 
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Table A.8 Amino Acid Comparison of Structural Proteins 
Gene phiCbK CcrSC ID % QC % Detection Status 
Portal  CbK_gp04
2 
CcrSC_gp0
78 
46.58 88 Both Detected 
Hypothetical  CbK_gp06
7 
CcrSC_gp1
18 
43.18 97 Both Detected 
Major capsid  CbK_gp06
8 
CcrSC_gp1
19 
76.7 91 Both Detected 
Minor capsid  CbK_gp06
9 
CcrSC_gp1
20 
47.3 99 Both Detected 
Hypothetical  CbK_gp0
72 
CcrSC_gp1
23 
46.56 95 CcrSC Not 
Detected 
Hypothetical  CbK_gp07
3 
CcrSC_gp1
30/CcrSC_g
p131 
60.91/5
9.45 
80/83 Both Detected 
Hypothetical  CbK_gp07
4 
CcrSC_gp1
32 
62.5 100 Both Detected 
Hypothetical  CbK_gp07
5 
CcrSC_gp1
33 
91.3 100 Both Detected 
Putative lectin-like 
domain protein 
CbK_gp07
6  
CcrSC_gp1
34 
52.79 100 Both Detected 
Hypothetical  CbK_gp0
77 
CcrSC_gp1
35 
43.5 100 phiCbK Not 
Detected  
Hypothetical  CbK_gp07
8/CbK_gp
240 
CcrSC_gp1
36 
50/50 83/99 Both Detected 
Hypothetical  CbK_gp08
7 
CcrSC_gp1
54 
48.6 99 Both Detected 
Hypothetical  CbK_gp08
8 
CcrSC_gp1
55 
35.71 95 Both Detected 
Hypothetical  CbK_gp0
89 
CcrSC_gp1
56 
42.07 98 CcrSC Not 
Detected 
Major tail tube 
protein 
CbK_gp09
2 
CcrSC_gp1
58 
63.41 98 Both Detected 
Tail tape measure 
protein 
CbK_gp09
5 
CcrSC_gp1
61 
39.61 56 Both Detected 
Pre-tape measure 
chaperone protein 
CbK_gp09
6 
CcrSC_gp1
62 
57.67 99 Both Detected 
Putative tail 
protein 
CbK_gp09
7 
CcrSC_gp1
63 
47.08 99 Both Detected 
Putative tail 
protein 
CbK_gp09
9 
CcrSC_gp1
65 
40.67 98 Both Detected 
84 
Putative tail 
protein 
CbK_gp10
0 
CcrSC_gp1
67 
46.81/4
4.07 
99/56 Both Detected 
Putative tail 
protein 
CbK_gp10
1 
CcrSC_gp1
68 
52.11 91 Both Detected 
Genes w/o 
homologs btw 
SC/CbK 
PhiCbK CcrSC ID % QC % Other Phage Hits 
Hypothetical No 
homolog 
CcrSC_gp1
22 
91.49 100 BL9 
Hypothetical No 
homolog 
CcrSC_gp1
46 
36.5 99 PW 
Hypothetical No 
homolog 
CcrSC_gp1
48 
84/62/5
9/50 
99/97/85/
99 
BL9_153/BL10_1
19/Rogue_126/P
W_87 
Hypothetical No 
homolog 
CcrSC_gp1
57 
97/34/3
3 
100/94/94 BL9/Colossus/P
W 
Hypothetical CbK_gp09
0 
No 
homolog 
95.83 100 Ccr10 
Hypothetical CbK_gp10
3 
No 
homolog 
98/98/9
6/96/93
/99 
100/100/1
00/100/10
0/80 
Ccr5/Swift/Magn
eto/Ccr10/Karma
/Ccr32 
Putative band 7 
lipoprotein/Serine 
protease 
CbK_gp18
0 
No 
homolog 
99/88/8
5/80/87 
100/100/1
00/99/95 
Ccr10/CcrBL10/
Magneto/Rogue/
Swift 
*Hits all 
phiCbKviruses
twice
47 83 Cbk 101 
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Figure B.1. Phylogenetic tree comparing major capsid protein. Tree generated using 
NCBI COBALT. 
 
Figure B.2. Phylogenetic tree comparing T7-like polymerase protein. Tree generated 
using NCBI COBALT. 
  
DSS3P8_gp031 - 24249: 25175 MW: 32902.945
CcrSC_gp119 - 55650: 56585 MW: 33219.254
CcrBL9_gp123 - 56970: 57905 MW: 33232.195
CcrPW_gp084 - 41947: 42879 MW: 33424.58
CcrColossus_gp081 - 39756: 40688 MW: 334...
CcrRogue_gp070 - 32250: 33185 MW: 33576.62
CcrBL10_gp065 - 31104: 32039 MW: 33546.594
CcrKarma_gp069 - 31788: 32723 MW: 33543.59
CbK_gp068 - 31580: 32599 MW: 36524.08
0.2
DSS3P8_gp083; T7-like phage DNA polymerase - 73017: 75251 MW: 83715.234
CcrBL9_gp188 - 130523: 132799 MW: 87458.35
CcrSC_gp184 - 129895: 132171 MW: 87398.51
CcrBL10_gp114c - 125102: 127348 MW: 85677.38
CcrRogue_gp120 - 126581: 128827 MW: 85663.45
CbK_gp123 - 118765: 121011 MW: 85605.43
CcrKarma_gp125 - 124748: 126994 MW: 85559.33
CcrColossus_gp158 - 153047: 155413 MW: 89534.766
CcrPW_gp166c - 173656: 176019 MW: 89737.13
0.3
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